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Comparative experimental study on frost deformation characteristics of
saturated rock under uniform freezing and uni-directional freezing conditions
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Abstract: The freezing process of rock surrounding tunnels in cold regions is uni-directional along the radius,

which is different from the uniform freezing in normal frost heave experiments of rock. A series of freezing
experiments on saturated sandstone under uniform freezing and uni-directional freezing conditions were thus
conducted in a closed system respectively. The test results show that the frost heave of saturated sandstone is
uniform in different directions under uniform freezing condition, and that the variation process can be divided into
three stages: a thermal contraction stage, a frost heave stage and a stable stage. However, under uni-directional
freezing condition, the frost heave parallel to the freezing direction is much larger than that perpendicular to the
freezing condition. Moreover, the variation process of the frost heave perpendicular to the freezing direction can
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still be divided into three stages as above. However, in the variation process of the frost heave parallel to the
freezing direction, four stages are observed: a thermal contraction stage, a frost heave stage, a frost heave
declining stage and a stable stage. The non-uniform frost heaving coefficient is in the range of 2.20 to 2.71 when
the temperature gradient is in the range of 0.7 to 2.2 °C/cm and the non-uniform frost heaving coefficient has the
linear relationship with the temperature gradient. The greater the temperature gradient is, the greater the

non-uniform frost heaving coefficient is.

Key words: rock mechanics; uniform freezing; uni-directional freezing; frost deformation; non-uniform frost

heave

][/

1 35

FEX § T8 & K RS G K, Sexb it ik
VRIK IR o ERIK A TR A R B+ TP L R JE X
Bk R E e M, Eit, X
ToT SRR ), 7 R K A TR e R K
VBT BT 32 VR 0 B0 2 B

Y. Lai S5VHR T 28 X BRI R IK v 5 R
VR T B R IR TR, AR TR BRI
VAR T B R 5 SR ARV R B TEVRIK AR B S
T, Y. Lai SRR L v 45 P % 1 2 A1 ik . H
i, 26T R A8 T R B ATT 7 1 35 2 49 % 11 24
BIURGE S AFHEATIN o % 1) 2 S0 R 45 S A B R A
B RMEEMS, HARER R, W77 R
FERRREARSS . VB PIR ZLmb . WSS 8 Fhis
BT T BT & 1 50 45 1 R AR 16
BEE T ARSEAHKAS T SRR WA 4 0
%. N. Matsuokal®liat T % 1635 515 45 241t T g2k
A s TUASRGEIKE. BN T
HE. ARE. BREAETER. WIRST&
34 SRS I IR AR T, 25 HE T RIS T S 7L
K, MURIEE ., VRS- UL UKRI A B A AR 1
265 Z50. WAk, M. Mellor®U g4 Kk 45 vk kAR i
K 9%, PR St R LRI A VR K 2 S
BAR 9wn(n AEALBE). B4 00 b
Mellor %52y 30208 7 47 50 K B 20 A
H, 360 BRI SR I R 3T T giit i,
B33 PSS S QAR RS
VRIS E A AR 2.17%n.

SR, BEARRESERVL T Y. Lai S 5 & 1)
$7 50 R I S U o P B R R TR, SR v 5
FB] 5 0 B A A B A T S 1 45 L T R A R 1) L6
W, R SRS A TR, ok
AR FE A L R Ay b b, SEX RIS A
JG, BASEEN, BB A A SRR, T AR

PRI AR, B IR AR R, YRR
[ A ) U TEIEL R s BRI, LA A T AR I
(B R GRS, TR & 51 gREM, 2
Vb st LS. Kanie 20175 2 L 2
VR G IV VR 4577 16 BRI R K 2K T3 B TR 485 7 10 )
IR S A, B Aot O L S X % R eI
12 1) ) B TR R 45 25 1F R LA 5 A I S0k,
SRth T R N SR BRI A0 TR, X
FUAIE S 1 2% 18 BB A 2 SR B ER AR o P T RS2

(H HAT, AATERIRE & TR AR
T & [ SRS S R, B SR,
W TE ST R T FE 26 B R B IT 42

DRI, EATHE T 5 A e e v 45 I PR
PERIGREE, 2 BIHET T B P& TR A &
35750 R 5 RO B ) R 5 W R KRR T B 0T B R, R
TR AIER GRS 0 T RIS TR, %X
I8 B o 0 i R 5 A R S 2 A0l A B (R T 5
P, RN R AR SV K T 1R A i
Hh N 85 ) BB RS LR AR

2 REHFR

SR TERE T H & N AR A % ) 3 A1 R 4
AL R R S5 TREG  aR50 T FHAD A I R A 3 ) 2 4t
Nz 1 fizs, LR 80 mmx80 mmx100 mm K
TR

F 1 WEREAWE B
Table 1  Physico-mechanical parameters of sandstone

WIANEERE  FLBRER PURAREE BURSREE
(g*cm?d % MPa MPa

2.08 2.27 18.4 1.00 8.52

THEN(g - cm )

F ¥ SR AR I AE DW - 40 (KR i 304 v ik
17, Wl 1 s, SRRikse R, A IR RHR
FEMEE, W& R IR AR, 50 & R S R4
N T IHATE AR RS, BATOH AN



* 276

HA1E S TR

2018 4=

s s, HoagruE 2 s, {4 -
K5 A b SR, RIS BRI 5 e,
WIS FE A BRI R A, b
TR . AR T R B AR R VA AR R
XT5704 - R50C i 0K 15 1 3 Y6 418 T 7 PR A 42 1
B S MR IR 2 1 XT5201 - RS0HG A% G 1H I OB 1E PR
FERE] . TR U R PR B AR, AR A
H A R ETE AR A E A s], ARikE R
FARE T EIRBOEIE MR A S8 BRIRBORE 4
&, WERIT AR 3 i, HS AR
s, BRIERKR, N5EK. HRBIEIECR AR
ERIPBTRI, AP RROK FORE—-45 °C, Al
JEIRIR BOE IR —20 C 2K,

(a) tHILBIHE

K3

(b) ¥ BEsmAR A A

A BRI B
Fig.3 The cold and warm plate

IR A N U P B R IR AR A I DL o K58 AT X
BT A, W R, s MU R
O, Bi1EK > 7K

3 BEHEHETERAE
B AR 12 4, AR 4 2, AL 3 e A BIET

-5 °C, =10 ‘C, —15 C, —20 C& k4R .
TRIOT FE R B AR 50 P B R 8] 254k R 2R P 4 BT

|
|
| P 5
| pd ol
| A spas s
i w0
| ’a” ’a"

)_ P . e ————

//
/7 IR IR I AE
/
Bl S AR iR 5 s &
Fig.1 Diagram of uniform freezing test
¥ it
QEVTRITEANTT PN TEEL AR A

|

* BT r
iRt
b
e [=
RE4g
W I H
SRS TTIN SR

K2 EATRITHI A A B R AR s =R
Fig.2 Diagram of uni-directional freezing test

FERAF O T p 0, 8 B 7 1) FH KT 7 1 R
AR P PR R 4 I R P A A L g AV B

14001 U 1 30
1200} 25
1000 ‘

800 SERIE 120
2 600t 1 %o
& 400+ 10 3
& 200t g5

0 1 1
0
ool 800 1200 1604
—400 F fiF [8]/min —5
yH BF
—6001 i —10
@ —5 C

2500 4 30
P A 1 25

2000 ]
P 52 1%

TKF [a) v AR
1500 | s

1000 ] 00

o i

%if1< 500F 1 Sz

k 0 1 1 1 ] O

00 800 1200 1600 —5
—500 ~ _ 1
L I Ta)/min 10
—1000 15
(b) —10 C
25007 30
1B ] B AR 25
2000 L
KRR 20
1500 15
S 1000 1100
—
bS] 58
i 500 o=
O 1 1 1 = —5
400 800 1200 1600,
—500
etk I} &) /min —15
—1000 —20

(c) —15 C




FEITE FE2W

H AN S 10555 B R G5 5T S A VR IR A TR 0] BAsCIR F 7T

277

20001 U ) 1 40
L
1500 -/ 1 30
S ALIVES 1 %
- 1000
S 500 1°2
= - X
B 1 o2
g, , , , g
\fo 800 1200 1609—10
—500} {12
L I a)/min
—1000°Lt 430
(d) —20 C

P4 2% 1 25 5 R 5 0 R K 2 3 A I 1] A2 1 ph 2
Fig.4 Variation of frost heaving strain and temperature vary
with time in uniform freezing test

31 HFAKZERME

B4 8%, -5 °C, -10 C, —15 ‘C, —20 C
B ESRAE T, A 18 B e B AR A K- [ AR
oz, A — B 1) 8 ) 5 K ) AR FE AR A A,
Tt B 2% 1) 28 B0 0 &85 P R ik AR T 25 Tl AR 4

4 PP LA N RIS TE M2, BOR N AR K/
AN, AETERZERL, FEATT PRI PR 3 MR TR
BB o

BB (AN B 1R E =S 0 C
AR, NASREAR, AAdE, R 2 5 AR
BB A8 e . 1B BEA A FLBR A 7K 23 A
BBNK A, HFERINA 4T

BRI BY): IREYERRTE 0 CAA,
IR B AR s AR ETIE K,  RIK o a5 UK 7= A
IR . TEFFELRSSEREF, PR KH %, JF
TRFEARRFFAAR, NARLRHEIG, 5 R AR K
FAWI, NASE TR E

BB FEENE): WREEE R 0 CAEAIZ
WA, e IR R, BEREE, N
FEARYEFFEE . —20 CHMAFT, NASEREE 2
WEH NS4RS, X TR, R
KUK BFEANA, BB BoK KA S 7= A= i ik
HNTHRERA S E .
32 BETME

B VR 4 i P 2% A T il BEBE I () ARk e ] 5
%ibﬁﬁaﬁwﬁﬁ%%%m,%ﬁ%%ﬁ%ﬁ

25§

—57T

1 / 1 J
——800- /1200 1600
B [E)/min

—10°C
—15C
—20°C
KI5 ANRNRRE R AE T il P B I R AR Ak th 42

Fig.5 Time curves of internal temperature of specimen

FEELEE AR AT R 4 AP B

551 B B (PR PR B« il IR AR E T
RIS )G, AA R E, Qs R, it
B, AR KD RRERS, TKSGFE. H
Kl 5 AL, WE BB SRR, AR A i 2k
FHRGECOR,  FRIEECR AR, BIE T — B B (A
R o

N B (HARER M BY): £ AR
B, K IRIASS, KRS ERKEAK, EE
REERAR B T BRI EE, 25, RE4ERE
UREEIRE, BRI R K&
AT AR E LR R T, FRAERAES TS, 1 kg VKEIR
i 79.6 kCal IR A BEEE N RIREE AR, 5
Ak, 5 AT RN T I R AH AR T IR Y B S
ARG,  HAREE 1 I E] A

B P B (AR BRI BY): A K AR R
EHARTER, SRR, TTIEERRERE,
URESR SR SR, BRI W e R, Shid RERE
MR BT 1B

5V BB (Rt ). W HRES I I
M Bk BRI BE AR, RFEAAS, W iR
PSR A, R R I B ) R

4 BRIFETTRNE

b AR 124y, 4 4, B4 38, 430
HHATAIRIRE -5 'C, —10 C, —15 C, —20 C,
WEums) +2 Co&AF T B R a5ilEe . i 2
o, W uAREE b, BRIRARE R, YRS bR N T,
BH 7 RS TR, W 2 FroR . JE I AR TR
A Hp R R T ) AR B R A O AR T, BT
A AR AR J7 ) R AR I LR 45 T AR T .
R K& 6, 7 Frows.

30001 130
2500 f 195
2000 (Zﬁéﬁ/z@ﬁﬂ% 4 20

© 1500

S o 115 ©

& 1000 B _ WERE TR =

2 sl | 110 =

0 _-’I 1 1 1 1 5

0. 400 800 1200 1600
—500 10
—1000L E?I‘EJ/min ﬁ(ﬁ‘-PﬁE{u‘?lJE 15

(a) #¥H—5 C



<278 HA S TR 2018 4
35001 1% 12000 wpm o0c wi—10C
3000k 1 30 1000 \ L
2500+ RS {2 800} ’/ 7 s
. 2000f 1 20 _ 6oof || /’ Aig—15C
= ] 152 o a0f i ]
g 1500 T EL 4 Ty S 5 b f
2 100 | I { 10 = 5 2008 /
I 0Ok A 1 1 1 1 J
500 - J.f 1 ° 200P {{o 200 300 400 500 600
of: . L . 0 B R\ B il /i
0./ \‘\_/400 800 1200 1609 —aoob Himin
—500 s 1-
PAF P AIREE e iA/min —600L
—1000- -—10 (b) T BL T VR4 5 T v A
(b) #¥fi—10 C 13 P vt sty AR AR
4000 - Cw B 7 B R R K S AR AR A 2%
Fig.7 Frost heaving strain in uni-directional freezing test
4 25
3000
RS 7 ) RiAR 1 20 N NI N i
7 N AR 23 J AN B RIKB B R B,
g 200 o é AR % ) 35 S 45 285 1k 1 I AR AR AL AR AR A
1L-3>< VR GE T ] A 7 \
2 oo e EL 4 7 P . = Lo
I LR EEIS, SRS T ) B AR GE RE AT 4
0 : ' ' 4 BB
0 1200 1600 :
T 75 =3 N = M iy
1 OOO{iMﬁFEP%ﬁWi I A]/min 110 ol Bﬁ&(#’%ﬂﬁﬁﬁ%}) AEmH bR FMEE, HE
© mis FALIR KRR S, R L AT
40001 1 30 % 1 mfﬁ(’]ﬁ%ﬁ%\ﬂﬁmﬁﬁ) %E}Lﬁ/ﬁ:ﬁ%ﬁx‘}‘ﬁ#
gggg U WK KR CLR, A K RS K, B¢
2500 ' ] % FEEFBY, MRAENK, TRk R, %
g 2000 o {108 Hh B R R
byl 15001 T BLIR &5 7 W) AR 5 i ke A y = AN Y = 5
3 1000 - ! . 12 B B (R IK R FRRHT B : 7R IK =0k 310G
500} , NN .
ol . . . 15 fH)G, VRS TT MR A8 SR I — 2 1 T B .
—soof \ %0 800 _ 1200 160419 5V BRI EY: VR EPRIEIAR 2 M,
—1000b AMFHEIRE B []/min 115

(d) ¥#¥i—20 C
BI6 B[ 175 4 o I A% RIS I o [ A A i 2
Fig.6 Variation of frost heaving strain and temperature vary
with time in uni-directional freezing test

4.1 HRKEFRRE
HIE] 6 T LA . FEE PSR AF N AR 5 5 )
TRES I, USRS 5 A NAR 5 3 ELUR &5 5 [ B
AR R AN, ELS R S5 7 10 R R I B2 A
LR K T3 LT IREE 7 [ NAR o T ELVR S 7 A AR
40001

3500
3000

Wi —20 °C

\ A3 —15 °C

N

a1

o

o
T

6
N
o
o
o

T

\
NI v
WII0C g 5

I

= e
o u
S o
S S
T T

/ 100 200 300 400 500 600
Ff 8] /min
() AT TR 7 R K R AR

TS

|
-
o
S
S]
r

FARFEAAS . BEANRIEAE 8 ML 261 R IR
WORAFRE, KEKEEARNE, SGKED
AU,

HE 7@, 4 FHEFEZAMET, AmiG
%, PUEGIKBY B i 2, R IK = R B
URIKE R R . X T &R e R IK N AR, ¥ i
TP RRAR, Ao R K B AR B RO

TEHANREE 26T, KESUKES, T IERK
VSRS TT RO K “EPIR 7 vk 4. H. Tong 20
TE B AR 25 B IR B I AR ~AT TR 45 77 I D) i SR 4l
B{g 41, R. Mousavi 20817 # i vk 46 T 1 74T T
g7 MY R ZENT UG, SR 3] T R A iR 4 2%
PR UK SRR R 45 M AR K R R KT B R4
ARG . RIUK SR RTE B 1) R 45 26 1 S 230
W ENAYSEE ., EREREERT, KAk
AR R LA R T B R AR UK A S e
WHEI. %2 FRERIREK, AL E AR
FEREE I, VKA iR A B “ TUTIRSRE”, R4S
07 Tl G T % KT 3 B TR S5 7 Ml . B



FEITE FE2W

H AN S 10555 B R G5 5T S A VR IR A TR 0] BAsCIR F 7T

* 279

WG T EAERKBCRA A KE KT REGS T
], DUFLBR UK b R FLBRBE A AL TR A 2 1R
i TR BRG], SRR B
BN, AEEWE 8 iR, MRS
[ R €T N S S Bl i e N S
A 5 A B A AE R B, UK SRR 2 B R
71, EARUKRAARVK SRR, P AR UK SR AR SR /N
YO R R, AT 5 B R 465 7 1 (A VR K AR T H B —
E &

-

B i

t 444
aE
e
e

.

@ b
o
i
- —| I
- > < -> > < -
oce| 3 ¥ ; v Y
"y ™y "y "~y
/(, \o \s
LBk |

P8 ik AR SR S =
Fig.8 Non-uniform frost heaving mechanism of rock under
uni-directional freezing condition

A2 358 PH 2% AR AL E 0 25 18 25 50 R 45 1K 06
H WA IT TR S AR AR R, K UKAH AR I
VKRR AT A AR A, 2 Bk £
K, BETA AR A & A SRR, 7R
B 9 .

R
€ wbs wbs wbs wbs wbs | T BmR
sis wiy wiys =ty wis
RN RS | e il
<« |[wbg wbs wis wbs wbe Ty
« [HEHTRTSTE
I T 1 I &
« |3z i sbe sis sba )
g@% §@§ §@§ f@% §@§
€ Rbs wbs wis sbe wig |
- 5@% 5@% 5@% g@% 5@% -
-« -

2R 20 20 2R 2 2R 2 AR /
FO 4 ST ML) % 2

Fig.9 Uniform frost heaving mechanism of rock
under uniform freezing

it — DU, B N A A R R A
RO SIGEARYE, 2 TR R AR T AL

BEZK R E5 R I IR R 45 77 17045 3 ELUR 45 7 17 22 7 1)
g AT AT R 26 T iR % 15 °C,
Wedm+2 CHIH R E k. Wit Ty, [
FER TR OREE R 3, P DRiRACEE, Bk
TR R BEHE N, 38 R ZE TS M R 4
Fo IR T AR AT B AR A Hh £k an & 10 Fror .

fiF [8]/min

0 400 800 1200 16005,

1 25

—100 1 2
° —200 180
S 4 10 =
< it

g —300H 1 s

gl IR s o

- | VAR .

—500*- ek ﬁluJ A 41-10

K10 b4 i —15 °CHp [l R 45 1A S0 4
Fig.10 Freezing test results of dry sandstone under
uni-directional freezing condition

XTLEE 10 5 6(c)rT W, [EFREAEAUG—15 CHY
BEEEIR A ER T, (H TR S T R A S
e FR GG N AR, i BRI R 2
AN B, BIAYE BAIRRE B, R LA AR (1R 45
7 115 i 7 A8 K T L VR 45 7 1) N AR R AN 351 ) 1 ik
MG v, AR R BT R K 2 R
SERUKFEAEEIGE R, HR RS AT, BA
(RN E41 50025 K s FL B 7K FE K DK AR AR S 2 H oK g A A
K77 ) P B
42 EFEEFEES BEREFRIKER N EXTH

a0 ] HE U B & 38 SR S R AR 4 ok
PRI TE AR, IR ECE 1713 50 VR 45 3050 ik
W AN-10 C. BrEg iR b A miEE RN
10 ‘CHHRIKA T HE 2 H7E [ — B, Ky
EIR S5 A —20 "CIR e 5 B [m) Uk 45 56 ¥4 it
T A-20 CHIVRIKAS AR e e R — [, 40
K11 fros. B 11 v, AHEREEE AR T, Bk
GER YRR G 7 MR IK B A RT3 SR G5 IR K AR,
B VR 45 N TR 4 7 1) R K N A /o

AR R FH b A R & M FIVERT, 7E& 1345
CREEAIEF, [Rl—I s E E T M (B B S5 K7 1)
TR RAEARE . BP& 3 SJREE % T, IR
HIA) . SR, ERRIANESS R, VRS T 1)
R K S AR B B K TR B TR 45 1, LB AR
TRt R 2R . BRGS0, K



*280 « EH 1S TRR 2018 4F
3500 SRR ELT T
= = = BRG] = ; ) ) %
sooor — R R B T 2 IEBEREIR SR AT T AR IR A S A 51 K R L
2500¢ , \\ R o L S 1 Table 2 Linear frost heaving rate and non-uniform frost
T 2000F l ------------------- heaving coefficient under different temperature
1500 .
g?‘( Loook i N gradients
= 500f i./ PSR BB R BRI WEGLETTR REGEK
0l . . . . . . ) (Cecm™ LFIKE a, 1% LRIEKE o, 1% Ak
g [hgf%0 400 600 800 1000 1200 1400 1600 07 0.1608 0.073 2 220
—1000 i 1] /min 12 0.2159 0.096 7 2.23
(@ —10 C
17 02377 0.0943 252
) —— 15T I )
4000 - AL ACE T 22 0.264 4 0.097 5 271
8500F \  — - il Ly )
3000F A — - KGR T

e e T TR R T S T R T e e =S

8(IJO 1 2IOO 1600
5 8] /min
(b) —20 C
Bl 11 &M SIRES S B R 45 R AR TR it 4ot Eb

Fig.11 Comparison between frost heaving strain curves under

uniform freezing and uni-directional freezing
condition

NARS AN ST o B, FE X FEIE B AR
BLE R A 2R B A SRR .
4.3 FEHKER

A RIUR A SRR B E A 12 B,
WSO SUA R A SR R Bk N

k=a,la, (©)

Refts o, WURLETT A AR, o, N H T
GTRIATICE . BAK=1.

M

|
|
[
T
A 5
| e
| p =
| ¢ =
g BN RO 9111 m—
A @,
fa,

L il

/
e
e
S|,
e
K12 ABSERIK R
Fig.12 Non-uniform frost heave

B 4 T SR E 25 T I RS 7 T R K ML AR AR
TEAE BN IRIKE o, 55 3 LR 457 101 R IK R AR A8 8
B o) FUNFR 2, FHHE@) I HAREH AT

AR R 8, a5k 2 Fos.

WA [N FE A BE 26 A T 0 A R AN S0 K
RE G TR EME R REHIER 13, WK
B, MR AAE 0.7~2.2 “Clom KR 56 IR FE 1R FE VT
BN, A SIGEIK REE 2.20~2.71 Ja [, 1
H, AYEGK ARG PR E RN R,
R RS R =0.932 8; R, A% K
REGEOR . T, KIEPLE KRR, RS SRR
FE TN MRS S B AUE R A SR K B3

281

26

241 \
22

B&
pa y=0.366 6x + 1.883 8
&
< 20t (R2=0.932 8)
=
£ 18t
161
14 L L ! L |
0.0 05 10 15 2.0 25

BREBREIC - cm™)
K13 AR RS TR AR R AR
Fig.13 \Variation of non-uniform frost heaving coefficient with
average gradient temperature

ALy AIEAT B 2 AR A 45 [ 38 21K
G5 RN B 1) VR A5 I R KRR P LR Se:, B SEE A fE
AR ST T RIRIRAE M, 5 anF 45

(1) HPHZFA T MBS E & R STUREE N,
ARARTE A AR SE, AR AR T BLR 20 v 4 s RAK
FasE 3B

(2) BATHHE T A A kgl ek &, JHal
VEMUBEAT 15 0 R RS (IR, BRI 2%
PE AR S B ) R EE I, VR 45 T3 TR0 R K 22 B
KT IR HRES T MRIRAE, A A RO W



FEITE FE2W

H AN S 10555 B R G5 5T S A VR IR A TR 0] BAsCIR F 7T

281

AR . T R4S 7 A T R T R A v
4y VRIKARE 3 MBIV REE J7 IR A i fE mf
SN PRI RIKERK. FRUE 4 MITEL.

(3) TEASCIALS I EERL FEJE N, A5
K RS P RR R RV R, IR EOR,
AN LI R BOHOK o RIS IS WFIRD A TE 0.7~
2.2 Clem B ERSE N &S5 A B 510 Ik R 5HE
2.20~2.71 V5.

(4) B XS LRI R SE TR RS SRR, M
ME A BAANLSIEKYE, 3R 1 — iR AT
BBl P LA AN I SR K R B BUE TS, % & S
ANEE YR I 1) B SIS 0 P 9 [X % 3 L5 R K v
A SR REIUERR 17K .

BE ik (References):

[11 5k, ok, BOBREHK IS SR oA 0], &
+ /1%, 2006, 27(3% 1): 564 - 568.(ZHANG Junru, QIU Wenge. In-situ
test and data analysis of frost-heave force of Kunlun Mountain Tunnel[J].
Rock and Soil Mechanics, 2006, 27(Supp.1): 564 - 568.(in Chinese))

[21 REVE, s, EEE, % EXERELEM]. b wBEd
R4t 2003: 61 - 62.(WU Ziwang, LAl Yuanming, ZANG Enmu,
et al. Cold region tunnel engineering[M]. Beijing: China Ocean Press,
2003: 61 - 62.(in Chinese))

[81 A/, NIERE. JEA X R E A T 5 B R IK ). RE i ee
M, 1987, (3): 14 - 34.(KITAGAWA S, KAWAKAMI Y. Deformation
of tunnel and ground freezing in cold regions[J]. Translated Collection
of Tunnel, 1987, (3): 14 - 34.(in Chinese))

[4] LAIY, WUH, WU Z, etal. Analytical viscoelastic solution for frost
force in cold-region tunnels[J]. Cold Regions Science and Technology,
2000, 31(3): 227 -234.

[5] FaJEM. E&AGKMES A KRR RRH RCY F—faER
HETHEZEARKSWCE. [SL]: [sn], 1990: 387 - 396.(TAO
Lubing. Experimental study of the relationship between the forst
heave ratio and the water content of the rock[C]// Proceedings of the
First Session of the East China geotechnical Conference. [S.I.]: [s.n.]
1990: 387 - 396.(in Chinese))

[6] MATSUOKA N. Mechanisms of rock breakdown by frost action: an
experimental approach[J]. Cold Regions Science and Technology,
1990, 17(3): 253 -270.

[71  REAOK, XPRFE, B F, S5 B AGEIKETERAE I € X BEIE R K
AR, A )12 5 TSR, 2012, 31(12): 2 518 - 2 526.
(KANG Yongshui, LIU Quansheng, ZHAO Jun, et al. Research on
frost deformation characteristics of rock and simulation of tunnel frost

deformation in cold region[J]. Chinese Journal of Rock Mechanics and

(8]

[

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Engineering, 2012, 31(12): 2518 - 2 526.(in Chinese))

MELLOR M. Phase composition of pore water in cold rocks[R].
Hanover, New Hampshire: Cold Regions Research and Engineering
Laboratory, 1970.

EAH, EAkRE, SOl 45 JEIX B A AR K S A IUE A
VR IR BUBME R[], A0 7055 TAESAR, 2013, 32(9): 1876 - 1 885.
(XIA Caichu, HUANG Jihui, HAN Changling, et al. Evaluation of the
frost-heave ratio and classification of the frost heave susceptibility for
rock mass around cold region tunnel[J]. Chinese Journal of Rock
Mechanics and Engineering, 2013, 32(9): 1 876 - 1 885.(in Chinese))
PR, BAW), WAL S BEEE ST X R TE VR
BRIIRENTAR[I]. 540 J1% 5 TRES4R, 2015, 34(3Y 2): 3 766 - 3 774.
(HUANG Jihui, XIA Caichu, HAN Changling, et al. The analytical
solution of frost heave force acting on cold-region tunnel liner
considering the anisotropy frost heaving of the surrounding rock[J].
Chinese Journal of Rock Mechanics and Engineering, 2015, 34(Supp.2):
3766 - 3 774.(in Chinese))

AR, FEX BRIEVRIIK 707 S 5 A ) 45 4 BT T vA T 1
2R ][D]. L. FWFKS, 2015.(HUANG Jihui. Frost heave
force calculation theory and lining structure design method for cold region
tunnels[Ph. D. Thesis][D]. Shanghai: Tongji University, 2015.(in Chinese))
WEME, sk, FIES, % 0L EBREKS s s [Cl
FmaEE ARV IER, b5t BleElfRA:, 1996: 1201 -
1 207.(SHA Jide, ZHANG Changging, WANG Zhengzhong, et al.
Testing parameters of frozen soil[C]// Proceedings of the 5th
Permafrost Congress of China. Beijing: Science Press, 1996: 1201 -
1207.(in Chinese))

KANIE S, HAO Z, MAKIMURA M, et al. A practical method for
three-dimensional frost heave simulation based on Takashi’s
equation[C]// Cold Regions Engineering 2012. American Society of
Civil Engineers. [S.1.]: [s.n.], 2012: 697 - 704.

W w55 REAM). LRt EER RO AL, 2015:
243 - 246.(LI Chun, ZHANG Liyuan, QIAN Shangwu, et al. Thermotics[M].
Beijing: Higher Education Press, 2015: 243 - 246.(in Chinese))
TONG H, NODA, GRYTE C C. Formation of anisotropic ice-agar
composites by directional freezing[J]. Colloid and Polymer Science,
1984, 262(7): 589 - 595.

MOUSAVI R, MIRI T, COX P W et al. A novel technique for ice
crystal visualization in frozen solids using X-ray micro-computed
tomography[J]. Journal of Food Science, 2005, 70(7): 437 - 442.
B VKRS M R D1 S He M R T A AR
][D]. Ki#: K#EH T K, 2013.(HUANG Wenfeng. Study on
lake ice microstructure and its effects on thermal and mechanical
parameters[Ph. D. Thesis][D]. Dalian: Dalian University of Technology,
2013.(in Chinese))



